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Resonant X-Ray Emission Spectroscopy of Molecular Oxygen
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Resonant soft x-ray emission spectroscopy has been applied to study the issue of symmetry b
upon core-hole excitation in molecular oxygen. The results provide direct evidence that the inv
symmetry is not broken in the core-excited states. Furthermore, the experiments themselves dem
a new experimental technique of broad applicability for studies of electronic structure and exc
dynamics in free atoms and molecules.
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Soft x-ray emission spectroscopy (SXES) using ene
selective excitation has been used successfully for vale
band studies of solids during the last decade. By choo
appropriate excitation energies it is possible to remo
satellites present in broad-band or high-energy exc
spectra [1], or to extract band information separat
for the same element in inequivalent sites [2]. Stro
excitation energy dependencies near the x-ray absorp
thresholds have been observed for some broad-b
materials [3,4] as well as for some condensed molecu
[5]. It is also possible to use the polarization of th
synchrotron radiation to gain symmetry information [5,6
The observed phenomena were interpreted by means
resonant inelastic x-ray scattering (RIXS) formalism [3,
This formalism entails simple rules [7] that select t
possible symmetries for the final states of the reson
x-ray emission process.

We have performed resonant soft x-ray emission
periments where the symmetry selection rules are u
to probe whether the intermediate core-excited state
broken symmetry or not, addressing a question which
been much debated over the years. These experim
themselves represent a new class of spectroscopic s
ies, namely, selectively excited soft x-ray emission of fr
molecules. It is important to study free molecules in ma
cases, since solid state effects can introduce ambigu
in the interpretation of the observations. Also, the pos
bility to explore soft x-ray emission from first principle
makes gas phase studies highly valuable from a theore
point of view. These experiments have become feas
owing to recent advancements in synchrotron radiation
strumentation and in experimental techniques.

The question of core-hole localization and symme
breaking arises from the notion of the core orbitals
0031-9007y96y76(14)y2448(4)$10.00
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being strictly localized and nonoverlapping, and it is re
evant to systems in which core orbitals are associa
with atomic sites which are degenerate. Molecular o
bitals delocalize according to the irreducible represen
tions of the point group of the molecule. The questio
is if core excitation or ionization changes this conditio
for core orbitals. In nonresonant x-ray emission spe
tra of free molecules, excited by high-energy electro
it has indeed been found that the so-called equivalent c
model (or Z 1 1 approximation) is valid, i.e., a core
ionized homonuclear diatomic molecule behaves like
heteronuclear diatomic molecule [8]. Thus, a core ioniz
O2 molecule behaves much like an NO1 molecule with
respect to the valence electrons. However, the locali
(symmetry broken) and delocalized pictures are equi
lent for nonresonant x-ray emission spectroscopy. T
spectroscopy cannot give an experimental solution to
core localization and symmetry breaking problem beca
the core-excited continuum states are infinitely degene
representing all symmetries which makes no discrimin
tion with respect to the dipole selection rules. Therefo
all transitions are allowed independently of whether t
core-hole state is symmetry broken or not. In fact, amo
the family of core-electron spectroscopic methods, n
ther nonresonant nor nonradiative members can prov
the necessary symmetry information. Resonant x-ray
sorption is also inconclusive in this context, because
symmetry adapted core level splittings are smaller th
the lifetime width of the levels.

Resonantx-ray emission is a good candidate for in
vestigating the symmetry problem. This is because
discrete nature of core-excited states prepares the s
metry for the emission step, and the dipole character
the absorption or emission then leads to simple selec
© 1996 The American Physical Society
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rules for the full scattering process [7]. The parity s
lection rule connects initial and final excited states eit
as gerade-gerade or ungerade-ungerade. If the inve
symmetry is broken by core-hole localization, the p
ity selection rule evidently does not hold. For the O2

molecule with a gerade ground state, this means that
appearance of ungerade final states would give con
sive proof that the inversion symmetry is broken, a
the absence of ungerade states proves that the symm
is kept.

For polyatomic molecules containing an element
symmetry, this symmetry can also be broken as an ef
of vibronic coupling [9,10]. This possibility is not prese
for the homonuclear diatomics containing only one,
tally symmetric vibrational mode. First row molecule
like N2, O2, or F2, are ideal candidates, because the po
ble symmetry breaking depends only on electronic str
ture and electronic motion. Molecular oxygen is our fi
choice also because this species has previously been a
ular showcase for the localization problem in core-elect
spectroscopies, which we now address. Localization pr
lems and symmetry instabilities of Hartree-Fock or oth
electronic structure methods have been addressed for m
than 20 years [11,12]. Bagus and Schaefer [11] show
that the results from a self-consistent field calculation
the core-ionization potentials of molecular oxygen we
about 15 eV in error when full molecular symmetry w
imposed, whereas the error decreased to only 1 eV
the case ofC2y symmetry. The difference was relate
to a relaxation error in the high-symmetry case, imp
ing unstable Hartree-Fock solutions. Localization is th
enforced in a one-particle Hartree-Fock description. G
ing beyond this picture with a multiconfiguration ansa
symmetry is restored and the missing relaxation ene
at the Hartree-Fock level appears as a correlation ef
in the high point group symmetry [13]. Furthermore,
already indicated by Bagus and Schaefer [11], differ
broken-symmetry localized solutions can be superpo
and the Hamiltonian diagonalized in this basis to regain
lutions which adapt to the point group of the ground st
molecule.

As shown in Refs. [7,14] there is a condition fo
observation of symmetry restriction in resonant x-r
emission, namely, that the experiment is conducted
the long wavelength limit. Channel interference pla
an important role in this respect: it is nonzero on
when the x-ray photon wavelength is comparable to
larger than the interatomic distance, in which case it w
restore symmetry in the x-ray emission from two localiz
channels. By contrast, when the wavelength is mu
shorter than the interatomic distance, the interference
the localized channels is absent and the traditional the
of x-ray emission without (dipole) selection rules is vali
Therefore, there are two possibilities for the intermedi
state to retain its symmetry: the core hole could
delocalized, or there could be an interference effect wh
gives the same result. What we investigate is whet
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the core-hole state is symmetry broken or not. First,
give a brief account of the experimental conditions a
considerations.

The acceptance angle for grating spectrometers wh
are normally used for energies below 1 keV is mu
smaller than for the Bragg diffraction spectrometers th
have been used successfully for higher energies [15]. T
disadvantage together with a low fluorescence yield a
target densities which are much smaller than those of so
are the major obstacles. To overcome the first of th
problems, the emittance of the sample should be w
matched to the spectrometer’s limited acceptance. T
can be done using the high brightness of a third genera
synchrotron radiation source, since it can provide a w
focused excitation source, while maintaining a high flu
Using a gas cell with window materials that have both
reasonable transmission and the ability to withstand a h
pressure difference allows an optimization of the targ
gas density. These new solutions make these experim
possible. To our knowledge, these are the first spectr
their kind [16].

The experiments were performed at beam line 7.0 at
Advanced Light Source in Berkeley [17]. The incide
photon beam entered a gas cell through a 1000 Å th
silicon nitride window. A gas pressure of 1 to 2 mb
was maintained in the gas cell. As an exit window f
the emitted x rays a 5000 Å thick parylene-N windo
was used. The spectrometer [18] was mounted para
to the polarization vector of the incident photon bea
with its entrance slit oriented parallel to the directio
of the incident beam. The length of the gas cell e
window allowed a large portion of the beam, at the g
pressures used, to be absorbed in the region obse
by the spectrometer. We estimate the resolution of
monochromator and spectrometer in these measurem
to be approximately 0.7 and 1.0 eV at full width ha
maximum, respectively.

The electronic configuration of ground state O2 is 1s2
g,

1s2
u 2s2

g, 2s2
u, 3s2

g, 1p4
u , 1p2

g
3S2

g . We will first con-
sider the spectrum involving the partly occupied1pg shell
and the transitions: ground state! 1s21

u 1p3
g

3Pu !

x21
g 1p3

g
3Xg. [The corresponding SXES spectrum

shown in Fig. 1(a).] Apart from selection based on par
we must consider selection rules based on spin and sp
symmetries that also follow from the dipole character
the radiation. The two latter rules restrict the final sta
to be of triplet spin multiplicity (spin is conserved) andS,
P, or D symmetries. The one-particle approximation a
lows only those transitions which change occupation nu
bers of valence molecular orbitals by one unit and wh
keep the spin coupling of the passive open shells. T
leads to only three possible bands in the SXES spectr
the recombination band corresponding tox  1pg and
those corresponding tox  3sg andx  2sg. The latter
orbital is mainly of2s character, and the transition is fo
bidden by the local dipole selection rule (it is very weak
2449
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FIG. 1. X-ray emission spectra of O2 excited at various
photon energies and with 5 keV electron impact.

discerned at 503 eV in the spectrum generated at 53
eV). Summarizing, in the symmetry-restricted case, st
dipole selection implies only3Pg and3S2

g final states and
in the one-particle approximation only one excited sta
the3s21

g 1p3
g

3Pg state. From the simple relation

EXES  EXAS 2 EOPT , (1)

XAS and OPT denoting x-ray and optical absorptio
energies (here 530.8 [19] and 7.5 eV [20]), we can pla
this transition at 523.3 eV. In the symmetry unrestrict
case both gerade and ungerade final states are allowed
transitions involving all occupied orbitals are possib
The spectrum would resemble the nonresonant spect
excited above the ionization threshold. In particular, t
1p21

u 1p3
g

3S2
u state would be represented close to 524

eV, using the value ofEOPT given in [21]. The fact
that only one band apart from the recombination peak
observed in the SXES spectrum generated at 530.8
2450
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and the fact that it is centered around 523.4 eV can
taken as a conclusive evidence that the parity selec
rule is valid and that the symmetry is not broken.

We now turn to SXES spectra recorded at high
excitation energies. Transitions within two multiple
systems are observed in nonresonant spectra, the do
and the quartet systems. In the upper part of Fig
one can compare a recently published electron be
excited SXES spectrum [22] with a spectrum record
at 546.0 eV excitation energy, just a few eV above t
doublet and quartet ionization limits of 544.48 and 543.
eV, respectively [23]. In Fig. 1 the diagram transitio
lines are assigned by their final states. The resolut
in the electron beam excited spectrum is approximat
a factor of 4 better, and, therefore, more features
resolved. There is an intense satellite contribution in t
spectrum around 529 eV. In the spectrum recorded w
selective excitation, on the other hand, these satell
are not observed. The satellite lines are mainly d
to the creation of additional vacancies in the cor
ionization process. The possibility of removing the
types of satellites demonstrates the advantage of selec
excitation.

Figure 2 shows an x-ray absorption spectrum of mol
ular oxygen measured in high resolution in another g
cell at the same beam line. The spectrum resembles
cently published absorption data of O2 [24]. The arrows
indicate the excitation energy positions at which SXE
spectra were recorded. Three main peaks are obse
below the ionization limits. These peaks are labeled (
(b), and (c). Peak (a) corresponds to an excitation o
core electron to the initially half-filled1pg orbital, dis-
cussed previously. High resolution electron energy lo
spectra [25] and x-ray absorption spectra [24] show t
peak (c) consists of a vast number of Rydberg lines. P
(b) is primarily due to excitations to the3su molecular
orbital (sp resonances), but there are also some Rydb
states contributing. A number of articles have recen
been devoted to the exchange splitting of thesp reso-
nances, discussing whether both resonances contribu
peak (b) or if they contribute one each to peaks (b) a

FIG. 2. X-ray absorption spectrum of O2 recorded in high
resolution. Indicated with arrows are the excitation energ
where the resonant x-ray emission spectra were recorded.
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(c). Thesp resonance with a2S2 ion core has the low
est energy and contributes to absorption peak (b), bu
question remains whether thesp resonance with a4S2

ion core contributes to peak (b) or (c). There are sev
recent measurements which strongly indicate that both
sp resonances contribute to peak (b) [26,27]. Howev
the alternative assignment has also been suggested [2

As shown above, resonant excitation to the1pg orbital
leads to final optically excited states with vacancies
gerade valence orbitals. Since the parity selection ru
valid, excitation to the3su orbital leads to vacancies i
ungerade occupied orbitals. We denote these final s
asjg21, gpl andju21, upl, respectively. Hence, we obta
only jg21, gpl states when the excitation energy is tun
to 1pg, and we expect onlyju21, upl states from core
excitations to the3su orbital. Ignoring the recombinatio
lines, we observe in Figs. 1(a), 1(b), and 1(c) a sin
band, a composite band, and a single but broader b
respectively.

The band at 523.3 eV in spectrum (a) correspond
the 3s21

g 1p3
g

3Pg final state as noted above. Spectru
(c) has a salient feature at 527 eV, and a weak
at 518 eV. In this case the strongest transitions in
absorption spectrum are to Rydberg states withnp su and
np pu symmetry [24]. We therefore assign the featu
to ju21, upl states. This assignment is supported by
fact that the1p21

g xg
3Xg band, which corresponds to th

1p21
g X2Pg band at 532 eV in the nonresonant spec

is missing in spectrum (c). There are no indications
jg21, gpl states.

The broad band in spectrum (c) has turned into a d
blet structure in spectrum (b). The shift of the latter ba
and its high-energy shoulder can be taken as signat
of a core-excited3su state decaying to a1p21

u 3su
3Pg

state, i.e., of aju21, upl final state. Most of the known
potential energy curves for the core [28] as well as the
lence [29] states are steeply repulsive leading to str
vibronic excitations and possibly interference effec
Nevertheless, the differences in features of the (b)
(c) spectra point to different character of the core-exc
states in the corresponding energy regions. This supp
the interpretation [26,27] that both the paramagnetic
split sp resonances contribute to peak (b) in the x-ray
sorption spectrum.

In conclusion, we have shown that it is now experime
tally feasible to perform SXES studies of free molecu
using energy selective, synchrotron radiation excitat
Resonant x-ray emission spectroscopy is the photon e
sion analog of resonant Auger spectroscopy. It can p
vide information about core excited, intermediate, and fi
states. The dipole selection rules which apply to the re
nant SXES process simplify the analysis of the spectra

The resonant SXES spectra presented for molec
oxygen show that the parity selection rule applies, wh
proves that the inversion symmetry of the core-exci
states involved in the x-ray scattering process is retain
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